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INTRODUCTION 

The maceral s p o r i n i t e  is thought t o  be der ived  from spores and pol len .  Both 
s p o r i n i t e  and sporopol len in ,  t h e  i n s o l u b l e  c e l l  wal l  res idue  a f t e r  chemical t r e a t -  
ment, are considered t o  have a h ighly  polymerized, cross-linked a l i p h a t i c  s t r u c -  
t u r e  wi th  some aromatics (1-3). Many i n v e s t i g a t o r s  have endeavored t o  charac te r -  
i z e  t h e  physical and chemical na ture  of s p o r i n i t e s  (4-7) and sporopol len in  (8-11); 
however, t h e i r  chemical s t r u c t u r e s  have not  been wel l  defined. Furthermore, 
l i t t l e  is known about how sporopol len in  t r a n s f o r m  t o  s p o r i n i t e s  dur ing  t h e  e a r l y  
s t a g e  of c o a l i f i c a t i o n .  

The aim of t h e  present  study i s  t o  compare chemical s t r u c t u r e s  of an immature 
s p o r i n i t e  and i t s  precursor ,  sporopollenin.  In a p a r a l l e l  experiment,  t h e  t r a n s -  
formation of sporopol len in  i n t o  a s y n t h e t i c  s p o r i n i t e  has  been c a r r i e d  out  i n  the 
labora tory  us ing  thermal c a t a l y t i c  r e a c t i o n s  under condi t ions  of simulated ca ta -  
g e n e t i c  maturation. 

EXPERIMENTAL 
Samples 

Spor in i te .  A s p o r i n i t e  m a t e r i a l  separa ted  from a North Dakota l i g n i t e  (82% 
s p o r i n i t e  by pe t rographic  a n a l y s i s )  was t r e a t e d  wi th  5% HC1, and then  re f luxed  
wi th  benzene-methanol ( 3 : l )  f o r  24 hrs .  Total  e x t r a c t a b l e  material w a s  about 10 
w t %  of the  sample. Analysis of t h e  e x t r a c t e d  s p o r i n i t e  y i e l d s  t h e  fo l lowing  com- 
position: c l O # l  3#0.5°21' 

Sporopollenin.  Sporopollenin was  i s o l a t e d  from Lycopodium clavatum spores  
which were re f luxed  wi th  CHC13 (24 h r ) ,  and then  wi th  benzene-methanol 3:1, 
24 hr) .  lhe  y i e l d s  of t o t a l  e x t r a c t  and inso luble  res idue  were 55.4 and 44.0 w t % ,  
respec t ive ly .  The organic  so lvent  e x t r a c t e d  res idue  was then  hydrolyzed by 
r e f l u x i n g  with 6% KOH methanol-water (7:3) s o l u t i o n  f o r  20 hrs. A f t e r  removal of 
hydrolyzates,  t h e  r e s i d u e  (25 w t X  from t h e  o r i g i n a l  spore) was  f u r t h e r  t r e a t e d  
with 72% H2S04 a t  0"-4"C f o r  12 h r s ,  and then was refluxed wi th  3% H2S04 f o r  10 
h r s ,  f i l t e r e d ,  washed wi th  water and methanol. and dr ied.  The y i e l d  of 
sporopollenin,  ( C l o ~ 1 3 8 N o ~ 6 0 2 9 )  was 15.8 w t %  from t h e  o r i g i n a l  spore. 

Synthe t ic  Spor in i te .  Sporopollenin (0.5 g) and 4 g of f r e s h l y  a c i d  a c t i v a t e d  
montmoril lonite c l a y  were ground t o g e t h e r  and were then placed in a 25 x 2 cm i.d. 
tube. Af te r  evacuat ion ,  the  sea led  tube was i n s e r t e d  t o  a depth of about 5 c m  in 
a t u b u l a r  furnace and was heated a t  150°C f o r  2 months. 

After the  r e a c t i o n ,  the  mixture was e x t r a c t e d  with r e f l u x i n g  benzene-methanol 
(3 :1 ) ,  chloroform, and f i n a l l y  wi th  e ther .  To remove t h e  c l a y ,  t h e  so lvent  
Inso luble  res idue  was t r e a t e d  t h r e e  t i m e s  wi th  HC1-HF (1 : l )  by s t i r r i n r r  a t  room 
iemperature f o r  24 hours. The y i e l d  of s y n t h e t i c  s p o r i n i t e  -was 81 w i %  w i t h  a 
composition of ClooHl24N0. 1021. 



Pyrolys is  

A sample (-200 mg) was placed in a 20 x 1 cm i.d. q u a r t z  tube; a f t e r  evacu- 
a t i o n  the sea led  tube  w a s  i n s e r t e d  t o  a depth  of about 5 c m  in a preheated furnace  
a t  600°C and was h e a t e d  f o r  1 minute. The pyro lyza te  w a s  e x t r a c t e d  wi th  r e f l u x i n g  
benzenelnethanol ( 3 : l ) ;  t h e  y i e l d  w a s  genera l ly  38-55 w t X .  

Oxidation 

In genera l ,  a sample (0.3 g) was oxidized wi th  a two-step, buf fer -cont ro l led  
permanganate o x i d a t i o n  ( f o r  procedure see ref .  12-13). Before t h e  oxida t ion ,  in 
o r d e r  t o  p r o t e c t  p h e n o l i c  r i n g s  from d e s t r u c t i o n ,  the  sample was methylated with 
d imethylsu l fa te  -&. In genera l ,  t h e  y i e l d s  of ox ida t ion  products were about 58- 
79 w t X  f o r  a l l  t h r e e  samples. 

Charac te r iza t ion  and I d e n t i f i c a t i o n  Procedures 

All mass s p e c t r a  (GCMS, s o l i d  probe) were obtained on a KRATOS MS25/DS55 Data 
System. Sol id  probe d a t a  were obtained in a p r e c i s e  mass measurement mode. GC 
separa t ions  were made u s i n g  a 60 m x 0.25 mm bonded OV-1701 fused s i l ica  column 
temperature programmed 50-280°C a t  8"/min. S o l i d s  were evaporated and pyrolyzed 
in t h e  source u s i n g  a d i r e c t  hea t ing  platinum f i lament  probe designed in t h i s  
labora tory .  

Sol id  1 3 C  s p e c t r a  were recorded a t  2.3 T (25.18 MHz f o r  13C) on a Bruker 
Instruments spec t rometer ,  Model CXP-100, in t h e  pulse  Fourier transform mode with 
quadra ture  phase d e t e c t i o n .  The ceramic sample sp inners  had an  i n t e r n a l  volume of 
300 UL and were spun at approximately 4 kHz. Operating parameters in cross- 
p o l a r i z a t i o n  experiments included a s p e c t r a l  width of 10 ktk,  a 90' proton pulse  
width of 4.2 U S  (60 kHz proton decoupling f i e l d ) ,  an  a c q u i s i t i o n  time of 20 m s ,  a 
p u l s e  r e p e t i t i o n  t i m e  o f  1 s and a t o t a l  accumulation of 1000 t r a n s i e n t s .  In  a 
t y p i c a l  experiment, 200 W of memory was a l l o c a t e d  f o r  d a t a  a c q u i s i t i o n  and was 
t h e n  increased to 4K (ZK r e a l  da ta )  by z e r o  f i l l i n g .  Before Four ie r  
transformation of t h e  da ta .  t h e  in te r fe rogram w a s  mul t ip l ied  by a decreas ing  
t r a p e z o i d a l  window f u n c t i o n  a f t e r  t h e  f i r s t  20 d a t a  points.  

I n f r a r e d  s p e c t r a  were obta ined  by t h e  KBr d i s k  method using an IBM-O98/4A 
P T I R  spectrometer.  

RESULTS AND DISCUSSION 
FTIR and NMR 

Sol id  )C-CP/PIAs and PTIR s t u d i e s  i n d i c a t e  t h a t  sporopol len in ,  s y n t h e t i c  
s p o r i n i t e  and s p o r i n i t e  are h i g h l y  a l i p h a t i c .  Both n a t u r a l  and s y n t h e t i c  
s p o r i n i t  samples showed very s i m i l a r  FTIR s p e c t r a :  t h e  absorp t ion  band near 
1710 cm-' is due t C=O s t r e t c h i n g  of carbonyl and carboxyl groups. The weak band 
a t  around 1615 cm-' may b e  due t o  t h e  presence of aromatic r ings.  

The 13C-CP/MAS s p e c t r a  of raw spores ,  i s o l a t e d  sporopol len in ,  s y n t h e t i c  
s p o r i n i t e  and North Dakota s p o r i n i t e  are shown in Figure  1. The spectrum (a)  of 
raw spores i n d i c a t e s  t h e  wide v a r i e t y  of carbon s t r u c t u r a l  types which a r e  
present .  lhe  most prominent f e a t u r e  is t h e  broad absorp t ion  found in the  
a l i p h a t i c  reg ion ,  -15-50 ppm. Sharp resonances appearing at  75 ppm and 105 ppm 
a r e  t y p i c a l  of po lysacchar ide  s t r u c t u r e s .  I n  addi t ion .  t h e r e  a r e  two o t h e r  
resonances of lower i n t e n s i t y  found in t h e  a l i p h a t i c  C-0 region. -50-70 ppm. The 
low-field reg ion  c o n s i s t s  of s e v e r a l  unsa tura ted  carbon resonances (1 10-150 ppm) 
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and a reasonably broad absorp t ion  centered  a t  175 ppm which i s  t y p i c a l  of 
a l i p h a t i c  e s t e r  groups. 

Solvent e x t r a c t i o n  of t h e  raw spores  followed by base (KOH) treatment 
produces an inso luble  mater ia l  whose s o l i d  13C spectrum (not  shown) is devoid of 
resonances i n  t h e  low-field region. Fur ther  c h a r a c t e r i z a t i o n  of t h e  s o l u b i l i z e d  
m a t e r i a l s  by s o l u t i o n  13C-NMR and MS i n d i c a t e s  t h a t  they a r e  l a r g e l y  l i p i d  
s t r u c t u r e s  comprised of unsa tura ted  f a t t y  ac ids .  Subsequent t rea tment  of t h e  
inso luble  mater ia l  with H2S04 produces a s o l i d  res idue  which we t e r m  
sporopollenin.  Its 13C spectrum (b)  shows t h e  a d d i t i o n a l  diminution i n  t h e  sharp  
resonances a t  75 and 105 ppm, prev ious ly  assigned to  carbohydrate carbons. What 
apparently remains i s  a highly a l i p h a t i c  polymer conta in ing  a r e l a t i v e l y  high 
proportion of a l i p h a t i c  C-3 f u n c t i o n a l i t i e s  (presumably a l i p h a t i c  e t h e r  or 
a l i p h a t i c  hydroxyl groups),  and a smal l  amount of unsa tura t ion .  These unsa tura ted  
s t r u c t u r e s  are presumed t o  be o l e f i n s  which had been formed v i a  dehydration of -OH 
groups during H2S04 treatment.  

Sporopollenin can be readi ly  transformed in t h e  presence of c l a y s  a t  150'C 
i n t o  an inso luble  m a t e r i a l  whose s o l i d  13C spectrum (c)  c l o s e l y  resembles t h e  
spectrum (d)  obtained f o r  a n a t u r a l  (North Dakota l i g n i t e )  s p o r i n i t e  sample. 
There has been a s i g n i f i c a n t  reduct ion  i n  t h e  number of a l i p h a t i c  C-0 groups with 
t h e  concomitant appearance of new resonances i n  t h e  unsa tura ted  carbon region 
(110-155 ppm). A t  p resent ,  we a r e  not  c e r t a i n  whether t h e s e  new resonances a r e  
aromatic or o l e f i n i c  i n  nature. The f r a c t i o n  of unsa tura ted  carbon ( f U )  
determined f o r  spectrum ( c )  and (d)  is a l s o  comparable: fu=0.21 f o r  n a t u r a l  
s p o r i n i t e  and fu=0.23 f o r  s y n t h e t i c  s p o r i n i t e .  

Oxidation 

As shown in Figure 2, a two-step, buf fer -cont ro l led ,  KMn04 o x i d a t i o n  of both 
n a t u r a l  and s y n t h e t i c  s p o r i n i t e s  gave q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  s i m i l a r  
products. Major products were unbranched d icarboxyl ic  a c i d s ,  whi le  branched 
d icarboxyl ic  ac ids  and t r i c a r b o x y l i c  a c i d s  were a l s o  i d e n t i f i e d ,  but i n  much lower 
concentrations.  A l i p h a t i c  monocarboxylic a c i d s  were not de tec ted ,  cont ra ry  t o  
previous r e p o r t s  on s e v e r a l  o ther  s p o r i n i t e s  (4)  and kerogens (14-15). This would 
seem t o  imply t h a t  our s p o r i n i t e  samples do not  have p e r i p h e r a l  long-chain a l k y l  
groups. However, sporopol len in  y ie lded  only minor amounts of two monocarboxylic 
a c i d s ,  C The aromatic a c i d s ,  benzene- and phenol-carboxylic a c i d s  were 
present in low amounts i n  a l l  t h r e e  samples. 

and C18. 

It is i n t e r e s t i n g  t o  note  t h a t  a f t e r  methylation wi th  dimethylsulphate-$, 
t h e  oxida t ion  of a l l  t h r e e  samples produced a mixture of methoxy-5 and regular  
methoxy benzenecarboxylic acids .  This i n d i c a t e s  t h a t  sporopol len in  and s p o r i n i t e  
samples conta in  both hydroxy and methoxy benzene d e r i v a t i v e s  a s  s t r u c t u r a l  
un i t s .  ?he EMS ana lyses  of t h e  oxida t ion  products from a l l  samples showed 
methoxy-L3 d e r i v a t i v e s  a r e  always predominant: OCD3/0CH3 r a t i o s  f o r  s p o r i n i t e  
-9.4, s y n t h e t i c  s p o r i n i t e  -8.6 and sporopol len in  -2.9. 

While t h e  y i e l d s  of unbranched d icarboxyl ic  a c i d s  f o r  s p o r i n i t e  and s y n t h e t i c  
s p o r i n i t e  were m c h  h igher  than those  of branched d icarboxyl ic  ac ids  ( s e e  Figure 
2 ) ,  sporopollenin produced r e l a t i v e l y  l a r g e  amounts of branched d icarboxyl ic  a c i d s  
toge ther  wi th  some keto-dicarboxylic acids .  Most of t h e s e  branched a c i d s  were 
mono- or di-methyl d e r i v a t i v e s ,  but  i soprenoid  a c i d s  were not  de tec ted  i n  any of 
t h e  samples. 

' h e  oxida t ion  of s y n t h e t i c  s p o r i n i t e  produced higher y i e l d s  of aromatic 
acids, i n  p a r t i c u l a r  benzenepolycarhoxylic a c i d s  ( t r i - ,  t e t r a - ,  and penta-), 
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compared wi th  t h a t  of sporopol lenin.  It is obvious t h a t  t h e  thermal c a t a l y t i c  
r eac t ion  promoted a l t e r a t i o n  of t h e  SpOKOpOlhIin S t r u c t u r e  by dehydrat ion,  
condensation, aromatizat ion.  e tc .  The Kat io  Of a l i p h a t i c s / a r o m a t i c s  i n  the 
oxidat ion products  became c l o s e  t o  t h a t  of n a t u r a l  s p o r i n i t e .  These t rends  a r e  
t y p i c a l l y  observed f o r  t h e  t ransformation of p l a n t  biopolymers t o  geopolymers, 
such as coa ls  and c o a l  macerals. 

Py ro lys i s  

As expected. t h e  major products  obtained from t h e  py ro lys i s  of both n a t u r a l  
and s y n t h e t i c  s p o r i n i t e s  ( see  Figure 3) were long chain alkanes and alkenes. 
Benzenes, naphthalenes.  i n d a n e s / t e t r a l i n s  and phenols were minor components. On 
the o ther  hand, py ro lyza te s  from sporopol lenin were q u i t e  d i f f e r e n t .  The most 
abundant products  ob ta ined  were naphthalenes,  while o the r  aromatics  were a l s o  
found i n  s i g n i f i c a n t  amounts. However. t h e  ox ida t ion ,  NMR and FTIR s t u d i e s  
c l e a r l y  showed t h a t  t h e  sporopol lenin has a highly a l i p h a t i c  s t r u c t u r e .  

Achari e t  a l .  (8) have reported t h a t  t h e  pyrolyses  of s e v e r a l  sporopol lenins  
show the  presence of t y p i c a l  carotenoid degradat ion compounds, i nc lud ing  ionene 
and var ious naphthalenes i n  t h e  products. I n  c o n t r a s t  w i th  the  observat ion by 
Achari e t  a l . .  (8) Schenck and coworke r s  (10) have found benzene and phenol 
de r iva t ives  from t h e  p y r o l y s i s  of Lycopodium sporopol lenin.  However, there  was 
very l i t t l e  evidence f o r  the  presence of naphthalenes. 

Although we have c o n s i s t e n t l y  f a i l e d  t o  d e t e c t  ionene. which is  the most 
important degradat ion product from 6-carotene. s i g n i f i c a n t  amounts of var ious 
napthalenes have been i d e n t i f i e d .  We do not  know, a t  present ,  why OUK r e s u l t s  
d i f f e r  from those ob ta ined  i n  two o ther  l a b o r a t o r i e s .  Perhaps, one reason f o r  
t h i s  discrepancy is t h a t  OUK sporopol lenin sample was obtained using a milder 
i s o l a t i o n  procedure (KOH-HzS04) than the  procedure (KOH-H3P04) employed by o t h e r s  
(2,10). In  any case ,  spo ropo l l en in ,  which is  a highly a l i p h a t i c  polymer, produces 
considerably more aromatics  than a l i p h a t i c s  under pyro lys i s .  It i s  known t h a t  the  
pyro lys i s  of polyenes. i nc lud ing  non-conjugated polyenes, produces aromatic and 
Cycl ic  hydrocarbons (8,16-17). Hence, t h e  a l i p h a t i c  s u b s t r u c t u r e s  of 
sporopol lenin may w e l l  have a s u b s t a n t i a l  number of o l e f i n i c  double bonds and/or 
a l c o h o l i c  OH groups. During pyro lys i s ,  such a l c o h o l i c  OH groups could easily 
dehydrate t o  form polyenes which rap id ly  aromatize p r i o r  t o  t h e i r  thermal f rag-  
mentation. 

SUMMARY 

Thermal r e a c t i o n s  of spo ropo l l en in  wi th  c lay  minerals  produced a geopolymer- 
l i k e  ma te r i a l  which c l o s e l y  resembles an immature s p o r i n i t e  i n  composition, 
py ro lys i s  and ox ida t ion  products .  and spec t roscop ic  p rope r t i e s .  Both n a t u r a l  and 
s y n t h e t i c  ( t ransformed sporopo l l en in )  s p o r i n i t e s  have highly polymerized, c ros s -  
l i nked  a l i p h a t i c  s t r u c t u r e s  con ta in ing  some benzene and phenol r i n g  systems. 
Several  o rgan ic  oxygen groups a l s o  have been i d e n t i f i e d  i n  these  polymeric 
m a t e r i a l s ;  they are a l c o h o l i c  and phenol ic  OH, methoxyl, carbonyl /carboxyl  and 
e ther .  Among these.  a l c o h o l i c  OH groups appears  t o  be predominant. 

Sporopol lenin is presumably transformed i n t o  immature s p o r i n i t e  by chemical 
r eac t ions  such a s  dehydrat ion,  hydrogen d i sp ropor t iona t ion .  a romat i za t ion ,  etc. 
Indeed. i t  is known t h a t  these  r e a c t i o n s  OCCUK during n a t u r a l  evo lu t ion  (18). For 
example, conversion of a l coho l s  t o  o l e f i n s  and t o  a lkanes ,  o r  of cycloalkenes t o  
cycloalkanes and t o  aromatic  hydrocarbons. i s  known. Polymerization o r  
condensation of o l e f i n s  involves  the formation of aromatic r ings.  Many of these  
r e a c t i o n s  a r e  promoted by a c i d i c  c a t a l y s t s  such a s  n a t u r a l  c lay  minerals. 
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me presen t  s tudy g ives  some i n s i g h t  i n t o  t h e  chemical s t r u c t u r e s  of an  
immature s p o r i n i t e  and its p recu r so r ,  spo ropo l l en in ,  and the chemical t ransforma- 
t i o n s  l ead ing  t o  s p o r i n i t e  du r ing  the  e a r l y  s t a g e  of c o a l i f i c a t i o n .  
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